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An experimental study has been performed on the pressure-dependent
plasma emission intensities in Ar, He, and N2 surrounding gases with the
plasma induced by either nanosecond (ns) or picosecond (ps) yttrium
aluminum garnet laser. The study focused on emission lines of light
elements such as H, C, O, and a moderately heavy element of Ca from an
agate target. The result shows widely different pressure effects among the
different emission lines, which further vary with the surrounding gases
used and also with the different ablation laser employed. It was found that
most of the maximum emission intensities can be achieved in Ar gas
plasma generated by ps laser at low gas pressure of around 5 Torr. This
experimental condition is particularly useful for spectrochemical analysis
of light elements such as H, C, and O, which are known to suffer from
intensity diminution at higher gas pressures. Further measurements of the
spatial distribution and time profiles of the emission intensities of H I
656.2 nm and Ca II 396.8 nm reveal the similar role of shock wave
excitation for the emission in both ns and ps laser-induced plasmas, while
an additional early spike is observed in the plasma generated by the ps
laser. The suggested preference of Ar surrounding gas and ps laser was
further demonstrated by outperforming the ns laser in their applications
to depth profiling of the H emission intensity and offering the prospect for
the development of three-dimensional analysis of a light element such as H
and C.
Index Headings: Picosecond YAG laser; Low pressure plasma; Shock wave;
Hydrogen analysis; Light element; Laser-induced breakdown spectrosco-
py; LIBS.
INTRODUCTION
Laser-induced plasma spectroscopy (LIPS) for spectro-
chemical analysis has been an active field of study since the
first demonstration made by Brech and Cross in 1962.1
Further development of this method was proposed by
Radziemski et al.,2 in which the laser-target interaction takes
place in an atmospheric-pressure surrounding gas and is now
commonly referred to as laser-induced breakdown spectros-
copy (LIBS). In this technique, a laser pulse of several tens of
millijoules is focused on the sample resulting in a high-
temperature and high-density plasma. A gated optical
multichannel analyzer (OMA) was used to remove the initial
strong background emission of the plasma. Researchers are
drawn to the simplicity of generating the laser-induced plasma
and a number of unique advantages offered by this technique.
Apart from eliminating the need for tedious sample prepara-
tion, spectrum measurement can be carried out without
sample transport. This method also allows for the implemen-
tation of local microanalysis3–9 and offers the feasibility of
obtaining real-time, online analytical information.10 This
method is enjoying a growing range of applications thanks
to the rapid development of ablation lasers11–15 and the
continued improvement of its sensitivity and accuracy.16–20
Its advantages have been amply demonstrated in rapid
quantitative analysis in various fields such as cultural heritage
applications,21–24 industrial applications,25–30 environmental
contamination studies,31–35 biomedical applications,36–40 and
aerosols analysis.41–45 However, relatively little has been
reported on the application of LIBS dedicated to the important
analysis of hydrogen and carbon in solid samples for reasons
explained in the following.
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Firstly, a high-density plasma produced in LIBS generally
contains a large number of charged particles that produce a
strong internal electric field. As a consequence, emission lines
from the ablated atoms invariably suffer from the Stark
broadening effect, which is particularly severe in the case of
hydrogen atom.46,47 Secondly, an important reason for the
difficulty of hydrogen analysis in conventional LIBS is the
drastic reduction of hydrogen emission with increased ambient
gas pressure, resulting in very weak intensity at 1 atm.48–49
This seemingly anomalous behavior is satisfactorily explained
within the framework of the shock wave excitation model as a
consequence of time mismatch between the fast passage of the
relatively light hydrogen atoms and the formation of the shock
wave, which is induced mainly by the heavier atoms of the
solid target. Therefore, most of the hydrogen atoms are
expected to miss the shock wave excitations process. This time
mismatch is known to become more detrimental at higher gas
pressure,48–49 leading to failure of LIBS for hydrogen analysis
of solid samples.
In a series of experiments, we successfully detected the
strong and sharp H I 656.2 nm emission line from solid
samples of zircaloy plate with low-pressure surrounding
gas.49,50 The resulting calibration curve clearly indicates the
potential use of this technique for quantitative analysis. Similar
excellent results were also obtained for H and C emission lines
from solid organic samples and geological samples employing
low-pressure plasma.51 Unfortunately, this result was achieved
at the cost of leaving sizeable craters of roughly 0.4 mm
diameter on the sample surfaces, which renders the technique
unsuitable for microanalysis. Thus, for the extension of its
applicability, the resulting crater size must be reduced. In
addition to that, depth profiling of the element distribution
inside the sample is also much desired for providing
information of three-dimensional distribution of the elements
FIG. 1. Diagram of the experimental setup.
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of interest in the sample. So far, experiments on depth profile
measurement of H impurity have neither been performed in our
previous works nor published by different groups in the
literature.
It is therefore the purpose of the current study to address
those two issues and to propose their appropriate solutions. For
that purpose, a picosecond Neodymium-doped yttrium alumi-
num garnet (ps Nd:YAG) laser was employed in this
experiment for the study of its comparative merits with respect
to the existing common use of a nanosecond (ns) laser.
Additionally, the relative advantages of different surrounding
gases, namely Ar, N2, and He gases were also investigated for
this study. The target used for the study was an agate sample
(composition: 28.2% calcium, 12.7% aluminum, 13.2% silica,
0.9% hydrogen, 3% carbon, and 42% oxygen), where the light
elements such as H, C, N, O, and a heavy element such as Ca
are known to have relatively high concentrations with
homogeneous distribution in the sample. It is therefore suitable
for exhibiting and distinguishing the different pressure-
dependent variation patterns of the associated emission
intensities in the different ambient gases, which may arise
from the use of ns and ps ablation lasers.
EXPERIMENTAL PROCEDURE
A description of the basic experimental setup used in this
study is shown in Fig. 1. The chamber used is the same special
cylindrical chamber of 115 mm inner diameter employed in our
previous experiments52–58 It was designed with several entry
ports to allow for the control and monitoring of the specific
conditions inside the chamber as needed by the experiment. For
the current experiment, an additional ps laser (Nd:YAG,
EKSPLA, model PL 2143, 1064 nm, 20 ps, maximum energy
FIG. 2. Spatial and time-integrated emission spectrum of (a) hydrogen, (b) oxygen, (c) calcium, and (d) carbon in various surrounding argon gas pressure when
picosecond laser of energy 7 mJ was used for ablation of agate sample.
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of 30 mJ) was employed separately, and was operated in the
Q-sw mode at 10 Hz repetition rate with the laser output energy
fixed at a level as low as 7 mJ. The ps laser was chosen for the
possibility of suppressing the unwanted heating effect due to
the relatively long ns laser pulse of relatively large ablation
energy, which may give rise to some unpredicted complica-
tions in the sample during the successive ablation processes.
The ps laser can instead deliver the needed amount of power
density with much smaller laser output energy with a much
shorter pulse duration, and hence a much smaller crater size
that is useful for microanalysis. For the purpose of comparative
study, the ns Nd:YAG laser (Quanta-Ray, Lab Series, 1064
nm, 8 ns, maximum energy of 450 mJ) was also employed
separately while operated in the same mode with the laser
output energy fixed at 50 mJ. The laser beam was focused by a
moveable lens of 120 mm focal length and directed
perpendicularly onto different spots of the sample surface
through a quartz window.
The agate sample employed as the main target in this
experiment was cut into pellets of 103 10 mm cross-sectional
area and 1 mm thickness. The sample chamber was evacuated
using a vacuum pump to a pressure of 0.001 Torr.
Subsequently, the chamber was heated up to 200 8C for 30
min to remove most of the residual surface water molecules.
The high-purity buffer gas (Air Liquid, 5N) was introduced
thereafter into the chamber until a pressure of 10 Torr was
attained at a constant flow of 2 L/min. The gas pressure of 10
Torr and the chamber temperature of 200 8C were henceforth
maintained throughout the experiment.
The plasma emission was detected by an optical multichan-
nel analyzer (OMA) system (Andor iStar intensified CCD 1024
3 256 pixels), attached on its output side to a spectrograph
(McPherson model 2061 with 1000 mm focal length f/8.6
Czerny Turner configuration), and connected to an optical fiber
on the other side. The entrance end of the fiber was equipped in
front of it with a movable local imaging module consisting of
an entrance slit of 2.5 mm wide and a lens of 7.0 cm focal
length. In the position shown in Fig. 1, each spot on the plasma
along its axis of approximately 1 mm long was imaged onto the
entrance end of the optical fiber with its output end connected
to the OMA system. As the lens system can be freely moved
along the direction of plasma expansion, it allows a spatial scan
of the emission spectra over the entire length of the plasma.
The spectral window of the detector has a width of 16 nm at
500 nm and the spectral resolution of the OMA system is 0.012
nm at 500 nm wavelength. The accumulated data of ten
detected spectra from each irradiated spot were monitored on a
screen and recorded to yield the averaged results presented in
this report. The gate delay of the OMA system was set at 10 ns
for the ps laser and 200 ns for the ns laser unless otherwise
stated, while the same gate width of 50 ls was used in all cases
except for time-resolved measurements for which much shorter
gate widths were used, as noted later. The sample surface
condition was constantly monitored during the repeated
operations of laser irradiation by means of a stereo microscope
(Mini-Stereo MDS-40, Nissho Optical Co., Ltd.) through a 50
mm quartz window installed parallel to the sample surface. The
FIG. 3. Detailed illustration of H I 656.2 nm, O I 777.1 nm, Ca II 396.8 nm,
and C I 247.8 nm emission intensity variations with respect to varying
surrounding argon gas pressure. Picosecond YAG laser with energy of 7 mJ
was focused onto agate sample.
FIG. 4. Detailed illustration of H I 656.2 nm, O I 777.1 nm, Ca II 396.8 nm, and C I 247.8 nm emission intensities as functions of surrounding gas pressure in (a)
helium and (b) nitrogen. Picosecond YAG laser with energy of 7 mJ was used for ablation of agate sample.
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working distance was fixed at 135 mm between the objective
lens and the sample surface.
For the depth profile measurement, a preliminary experiment
was carried out to determine the total number of laser shots it
takes to ‘‘drill’’ through the sample of a known thickness. In the
meantime, the stepwise increase of crater depth with each
additional ablation laser shot was observed by the stereo
microscope. The shot number can thus be used to provide a
rough reference of the sample depth probed by each successive
laser shot.
EXPERIMENTAL RESULTS AND DISCUSSION
Emission Characteristics in Different Gas Plasmas
Induced by Different Lasers. Figure 2 shows the variations
of spatial and time-integrated emission intensity of (a)
hydrogen, (b) oxygen, (c) calcium, and (d) carbon with varying
surrounding argon gas pressure when the agate sample is
ablated by the ps laser energy of 7 mJ. Note that the weak
neutral Ca emission line of 422.6 nm does not appear in the
spectral range considered, while the ionic Ca II emission
shown is stronger and hence more suitable for this study. The
H and O emission intensities are seen to increase with the gas
pressure up to their maxima at roughly the same pressure of 5
Torr, followed by a gradual decrease with increasing pressure,
becoming negligible at 760 Torr. Meanwhile, the C emission
with its relatively low intensity was nonetheless clearly
detected and was relatively insensitive to pressure change.
Remarkably, the ionic Ca emission intensity shown in Fig. 2c
exhibits a steep rise to its maximum at 10 Torr, followed by an
equally fast decline with increasing pressure of up to 50 Torr,
and continues to decrease more gradually with a further
increase of pressure and remains finite at 760 Torr. An overall
comparison of those pressure-dependent behaviors is illustrated
more clearly in Fig. 3. One notes that in spite of the widely
different patterns of intensity variation, all the maximum
FIG. 5. Spatial and time-integrated emission spectra of (a) hydrogen, (b) oxygen, (c) calcium, and (d) carbon in various surrounding argon gas pressure when
nanosecond laser of energy 50 mJ was used for ablation of agate sample.
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emission intensities observed in Ar surrounding gas occur in
the relatively narrow range of gas pressure from 5 to 10 Torr.
Figure 4 shows the pressure-dependent intensity variations
of the same emission lines in different surrounding gases of (a)
He and (b) N2, measured with exactly the same experimental
condition. Comparing Figs. 4a and 4b clearly shows the
different pressure effects on different emission lines observed
in different ambient gases. For instance, relatively little
qualitative differences are displayed in the pressure-dependent
effects of the O and C emission lines, but drastic changes of
behavior are observed between the H and Ca emission
intensities. It is noteworthy from Figs. 3 and 4 that H emission
intensities are generally more sustainable at higher pressure in
the case of He surrounding gas, although the Ar surrounding
gas appears to produce generally higher emission intensities
except for the C emission.
In view of the existing common use of ns laser in practical
spectrochemical analysis, it is desirable to investigate the
possibly different pressure-dependent effects on those emission
lines in ns laser induced plasma. To this end, the experiment
was repeated by employing the ns laser operated in exactly the
same mode with nonetheless much higher energy of 50 mJ.
The resulted spectra are presented in Fig. 5 for the same
pressure variations. A complete illustration of the pressure-
dependent effects is presented in Fig. 6. It can be seen that the
H, O, and C emission intensities rise to their individual
maximum at the same gas pressure of about 5 Torr, before
decreasing with increasing pressure, and eventually vanish at
760 Torr. Meanwhile, the Ca II emission intensity exhibits a
sharp increase to remarkably higher maximum at much greater
pressure of 50 Torr, followed by a relatively slow decline with
increased pressure. One notes that the behaviors of the C and
Ca II emission lines are in clear contrast to those found in Fig.
3, and generally the pressure effect varies more sensitively with
different emission lines in the plasma induced by ns laser.
Repeating the same experiment in He and N2 surrounding
gases yielded the pressure-dependent intensity profiles pre-
sented in Fig. 7 for (a) He and (b) N gases. These intensity
profiles are seen to vary more widely in their pressure effects
compared to those found in Fig. 4. We note further from Figs.
3, 4, 5, and 7 that H and Ca emission intensities are generally
higher in Ar surrounding gas at low pressures around 5 Torr,
while the ps laser generally produces at least comparable if not
higher emission intensities in the low-pressure Ar gas, which is
the reason for its choice in the following experiment.
Shock Wave Excitation in ps Laser-Induced Plasma. In a
previous work using ns laser,54 part of the H atoms were found
to be ejected at very high initial speed, leaving behind it the
heavier ablated atoms of the host elements, which are
responsible for the formation of a thermal shock wave and
the shock excitation of those atoms right behind the shock
front.54 As the plasma expands at the shock wave speed, the
FIG. 6. Detailed illustration of H I 656.2 nm, O I 777.1 nm, Ca II 396.8 nm,
and C I 247.8 nm emission intensities as functions of surrounding argon gas
pressure. Nanosecond YAG laser with energy of 50 mJ was employed in this
measurement.
FIG. 7. Detailed illustration of H I 656.2 nm, O I 777.1 nm, Ca II 396.8 nm, and C I 247.8 nm emission intensities as functions of surrounding gas pressure in (a)
helium and (b) nitrogen. Nanosecond YAG laser with energy of 50 mJ was used for ablation of agate sample.
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plasma shock front will leave the cluster of atoms further
behind it, thereby reducing the excitation efficiency leading to
decreasing emission intensity over the long plasma cooling
process. The low H emission intensity observed at the higher
gas pressure was explained on the basis of the shock wave
model as due to the time mismatch between the shock wave
formation and the passage of the fast-moving H atoms. It is
important to examine whether a different dynamical process
and the related emission characteristics would arise in ps laser-
induced plasma. For this purpose, an experiment with ps laser
was carried out using the imaging technique explained earlier.
The detected H emission lines from varying plasma positions
are plotted in Fig. 8 for 5 Torr Ar gas pressure and gate delay
of (a) 1 ns and (b) 50 ns. It is seen that a small but clearly
visible H emission already appears in 1 ns at relatively large
distances of 5 and 7 mm from the sample surface. In view of
the relatively large OMA gate width, the distinct abruptly
reduced signals at those two distances apparently indicate the
much shorter duration of the emission compared to those
observed at closer distances. As explained above, those signals
are clearly not due to the shock excitation. Instead, it more
likely resulted from excitation due to the collision between the
Ar atoms and the few fastest-moving H atoms that have passed
through the plasma prior to the formation of the thermal shock
wave. On the other hand, the much larger emission signals
occurring at 3 and 1 mm exhibit broader spectral lines with
closer position to the target. These are characteristics of an
emission induced by the hot plasma shock wave, which lasts
FIG. 8. H I 656.2 nm emission spectra detected from different plasma positions of different distances from the sample surface, with gate width of 50 ls and different
gate delays of the OMA system (a) 1 ns and (b) 50 ns in surrounding argon gas at 5 Torr. The ps YAG laser was used for the target ablation at an energy of 7 mJ.
FIG. 9. Profiles of spatial variations of H I 656.2 nm and Ca II 396.8 nm emission intensities measured with OMA gate width of 10 ns at different OMA gate delay
(a) 250 ns and (b) 500 ns. Picosecond YAG laser with energy of 7 mJ was used for ablation of agate sample in surrounding argon gas at 5 Torr.
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longer due to the long plasma cooling stage following the short
shock excitation stage described above. In addition, the
stronger Stark broadening is associated with the higher charge
particle density in the plasma closer to the sample surface.
Interestingly, the occurrence of a collision-induced emission
observed at 7 mm within 1 ns allows the estimation of the
initial highest speed of the H atom, which is about 7000 km/s.
The result obtained with 50 ns gate delay when the shock wave
excitation is fully operative is presented in Fig. 8b. It shows
that H emission at 1 mm is most severely broadened as
expected. Further away at 3, 5, and 7 mm from the sample
surface, the hot plasma is already expanded, leading to lesser
charge density and lower temperature and hence correspond-
ingly sharper emission lines.
Further study of the dynamics of the H and other host atoms
during the ablation process is carried out by measuring the
time-resolved spatial distribution of H and Ca emission
intensities with OMA gate width of 1 ls and for different
gate delays of 250 and 500 ns separately. The results are given
in Fig. 9. It shows basically the same rise patterns of early
spatial intensity variations of both emission lines measured
with 250 ns gate delay, and both intensities finally drop to zero
at 5 mm. This common feature is typical of shock wave-
induced emission of the ablated atoms at the initial stage,
regardless of their mass differences.54 With increasing time,
however, the shock excitation is expected be less effective due
to widening distance between the shock front and the cluster of
heavier ablated atoms left behind, resulting in much lower
emission intensities detected with 500 ns gate delay, as shown
in the figure.
Finally, a study of the transient H emission process taking
place during the plasma expansion was performed by
measuring the time profiles of the spatially integrated
intensities in Ar plasmas separately generated by ns and ps
lasers. The result presented in Fig. 10 shows, in the case using
the ns laser, a steep rise of the H emission intensity up to its
FIG. 10. Time profiles of total emission intensity of H I 656.2 nm from agate sample in argon surrounding gas of 5 Torr. Nanosecond YAG laser of 50 mJ energy
and picosecond YAG laser of 7 mJ energy were employed in separate measurements.
FIG. 11. Emission spectrum from hydrogrossular sample in surrounding argon gas at 5 Torr detected from the (a) white region and (b) green region with ps YAG
laser of energy 7 mJ.
1292 Volume 67, Number 11, 2013
maximum at 150 ns before its equally fast downturn, followed
by continued decrease at much lower pace, in good agreement
with the proposed scenario consisting of short excitation and
long cooling stages in the shock wave model.59 In the case of
the ps laser, the intensity time profile apparently consists of two
components. The first one exhibits an even sharper spike in the
early stage of the laser irradiation. As noted in connection with
Fig. 8a, the transient nature of this spike is indicative of its
origin in the excitation induced by collision between the Ar
atoms in the surrounding gas and the ablated H atoms moving
at very high initial speed as estimated earlier from Fig. 8a. On
the other hand the second component is characteristic of shock
wave-induced emission from a small part of the slower H
atoms. This part of the time profile shows a rapid initial
increase up to its maximum in 200 ns and the subsequent
decrease at a lower pace followed by a long tail. This is
basically similar to that observed in the case employing ns laser
and in good agreement with the shock wave model.59 This
result has thus demonstrated the occurrence of a new transient
feature at the very early stage in addition to the later intensity
time profile that exhibits the shock wave-induced emission
characteristics in the plasma generated by the ps laser,
resembling the same basic feature shown in Fig. 8a for ns
laser-induced plasma emission.
Demonstration of Favorable Applications with ps Laser.
In addition to the advantages of the ps laser mentioned in the
experimental procedure, the demonstrated experimental results
are now verified by their application to spectrochemical
analysis of a hydrogrossular stone sample (main composition:
35% SiO2, 19.87% Al2O3, 0.61% Fe2O3, 0.85% FeO, 37.4%
CaO, 2.07% MgO, and 4.65% H2O). The stone color is
basically green with some minor white spots. The resulting
spectra presented in Fig. 11, as obtained from different white
and green areas of the stone, clearly show that more chromium
emission lines are detected from the green area. Further, a
study was performed on its possible application to determining
the intensity variation with increasing crater depth by
conducting a depth profile measurement also carried out on
the agate sample of known thickness. The emission intensity of
H was measured stepwise, with every step consisting of data
detected from 100 successive shots, which were then averaged
to produce the result plotted in Fig. 12. As the repeated laser
shots directed onto the same sample spot were expected to
deepen the crater accordingly, the intensity variation with each
additional 100 shots may effectively represent the intensity
depth profile of the associated emission. Plotted in Fig. 12 are
the variations of H emission intensity with each of the
additional 100 successive shots measured separately with the
ns and ps lasers. It is seen that the intensity remains more or
less constant over the entire process of up to 700 ps laser shots,
in good agreement with the well-known homogeneity of the H
impurity distribution in the sample. On the other hand, the
result obtained with the ns laser shows a large initial increase in
the intensity and a continued decrease thereafter, contrary to
the actual distribution of H impurity in the sample. Obviously,
the intensity profile obtained with ps laser provides a more
faithful representation of the H impurity distribution inside the
sample. Presumably, this is due to the much smaller heating
effect produced by the ps laser. It has thus further demonstrated
the advantage of ps laser over the ns laser. A microscopic
measurement conducted on the craters produced after 700 laser
shots of ns and ps lasers yielded crater diameters of 1 mm for
ns laser and 0.15 mm for ps laser, while producing roughly the
same crater depth of 1.5 mm for both.
CONCLUSION
This experiment shows the different pressure-dependent
effects of the emission intensities of H, O, C, and Ca from
agate sample, which further vary with the different surrounding
gases used and different ablation lasers employed. It is found
that consistently better emission qualities are obtained by using
the ps laser in Ar surrounding gas. The detailed measurements
of spatial distributions and time profiles of emission intensities
further reveal similar features of the shock wave excitation-
induced emission in both plasmas generated either by ns or ps
lasers, while the ps laser-induced plasma does exhibit an
additional early and transient H emission spike due to the
collision induced excitation. Finally, the excellent quality of its
application to spectrochemical analysis is demonstrated by the
emission spectra of hydrogrossular sample. Further application
to depth profiling of H impurity distribution also clearly shows
a more faithful result obtained by employing the ps laser.
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